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Abstract. This work aims to study four parameters that influence the compressive strength of
compressed earth blocks (CEB): clay mineralogy, grain size, formatting pressure, and water
content. Five soils with different mineralogical composition were used to study the first
parameter. 12.5, 25, 40 and 60% of aggregates sized 0/2, 0/4 and 0/6.3 mm were added to the
soil to study the second parameter. CEB were compacted at 100, 200 and 300 kN to study the
third parameter. 3, 6 and 10% of water were used to study the fourth parameter. Test specimens
were produced using a hydraulic press and characterized by compression. The characterization
of the specimens shows that the compressive strength increases with the smectite content.
Compressive strength does not always increase with changing particle size. Compressive
strength increases with increasing formatting pressure, while increasing water content
decreases compressive strength. This study also shows that the compressive strength of CEB is
improved differently for each soil type.

1. Introduction

Raw earth has been used as a building material for eleven millennia on all continents. This makes it
one of the oldest building materials in human history. According to UNESCO, 135 sites (20% of the
total number) recorded as World heritage are entirely or partially built on raw earth [1]. Over time,
raw earth has emerged as one of the building materials favored by man. The Syrian city of Tell Feres,
over 7000 years, old and the Citadel of Ulug Dépé, over 5000 years, old in Turkmenistan are some
examples. In Antiquity and the Middle Ages, several earthen constructions were made, such as the
ancient city of Volubis in Morocco, or the great Kyz Kala in Merv in Turkmenistan. In many rural
areas of Latin America, Asia, and Africa, raw earth has been and is being used as a preferred building
material [1, 2, 3].

Due to current environmental concerns related to climate change, resource depletion, global
housing needs [4, 5, 6, 7], raw earth is being honored. There are many earth building techniques.
Wattle and daub is a technique in which the earth is used by filling a wooden structure. Rammed earth
is a wall construction that consists of compacting the earth in a formwork. Adobe is a masonry in
blocks made manually in wooden molds. Cob is a technique made by handmade earth balls consisting
of mixing the earth and plant fibers. In the 1950s, Compressed Earth block (CEB) masonry appeared,
consisting of compacting the earth with a manual or mechanical press [8]. This technique is the subject
of this study.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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The objective of this work is to study parameters affecting the compressive strength of materials in
CEB. To meet this objective, the manufacture of CEB was made on 5 different soils.

The compressive strength of CEB influences its resistance to deterioration over time, i.e., resistance
to water action, abrasion resistance, freeze-thaw resistance, or resistance to mechanical stress [9, 10,
11, 12, 13, 14]. The higher the value of the compressive strength is, the higher the lifetime of the CEB
will be [15, 16].

Several parameters influence the compressive strength of CEB: the bulk density [17], the soil
composition [18, 19], the nature of the stabilizer used [18], the degree of compaction [19], [20], the
age of CEB [18], the surface texture [19] etc. In this work, four parameters that can affect the
compressive strength of CEB are studied: the nature of clay minerals present in the soil sample, the
particle size, the formatting pressure, and the quantity of added water. Five soils that differ in their
mineralogical composition have been used to study the effect of the nature of clay minerals on the
compressive strength of CEB. Aggregates of 0/2, 0/4, and 0/6.3 mm were added in four proportions
12.5, 25, 40, and 60% to 5 soils to study the effects of particle size on compressive strength. The effect
of the formatting pressure on the compressive strength of CEB was made by compacting 5 soils at 3
distinct formatting pressures: 100, 200, and 300 kN. The effect of added water on the compressive
strength of CEB was made by adding 3, 6, and 10% of water to 5 soils.

2. Materials and methods

Test pieces were produced using a LPP 150-500/100 Max Voggenreiter mavo hydraulic press. The

sample were placed into the press mold and compressed with a piston. The formatting pressure varied

between 100 and 300 kN. Cubic test pieces measuring 7x7x7 cm® (length x width x height) are

obtained. Test pieces were made in the Belgian Ceramic Research Center laboratory (BCRC) in Mons.
The compressive strength of the cubic test pieces was made in the BCRC laboratory using a

TONIUNIVERSAL device (Figure 1) according to standard XP P13-901 [21].

Figure 1. Compression test device (A); sample compression (B); rupture of the sample (C).

The characterization of soil samples was based on mineralogical studies (total mineralogy and clay
mineralogy by X-ray diffraction) and geotechnical analyzes (organic matter, methylene blue,
Atterberg limits, granulometry and drying shrinkage). This was carried out in Argiles, Géochimie et
Environnement sédimentaires laboratory, University of Li¢ge. Samples for X-ray diffraction were
prepared according to the protocol proposed by Moore and Reynolds [22]. EVA software was used to
read the diffractograms of X-ray diffraction to identify the mineral phases. Organic matter content,
methylene blue, Atterberg limits, particle size and drying shrinkage tests were carried out according to
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standards NF P94-055 [23], NF P94-068 [24], NF P94-051 [25], NF P94-056 [26] and NZS 4298 [27].
Table 1 summarizes the properties of the soils used. According to the USCS [28], A and E soils can be
classified as inorganic clayey silts, while B, C and D soils as inorganic silty clays with low plasticity.

Table 1. Properties of the 5 soils selected.

Properties A B C D E
Organic matter (%) 30 89 47 64 20
Atterberg limits
Liquidity LL 25.  33. 27. 30. 30.
Plasticity PL 3 9 2 7 0
Plasticity index P/ 21. 28, 19. 24 27.
5 8 2 5 1
38 51 80 62 29
Drying shrinkage (%) 47 13. 67 12. 28
2 3
Methylene blue value (gr) 2 6 4 6 1
Laser granulometry (%)
<2 um 23 52 26 32 37
<63 um 61 98 47 91 73
<125 um 65 100 54 100 &9
<250 um 67 86 100
<500 um 69 100
<1 mm 75
<2 mm 88
<4 mm 100
Mineralogy (%)
Quartz 46 59 60 60 39
Plagioclase 8 5 4 8 8
Orthoclase 6 10 7 10 5
Calcite / / / / 5
Dolomite / 1 / / 4
Clay minerals 40 26 29 22 39
1llite 8 14 39 40 76
Chlorite / / / 17 /
Kaolinite 14 39 9 2 24
Smectite / 48 43 41 /

3. Results and discussion

3.1. Influence of the nature of clay minerals and particle size on compressive strength
Test pieces were produced with a formatting pressure of 300 kN. A soil volume was dosed to be
mixed with granulate. 6 % of water was added. Three granulometries of sandstone granulate were
used, 0/2, 0/4, and 0/6.3 mm. The grain size curves of these three granulometries are presented in
Figure 2. For each aggregate granulometry, the manufacture of test pieces was carried out according to
four formulations: with 12.5, 25, 40 and 60% of aggregates in volume. After mixing, 3 test pieces
were made for each mixture. After demolding, test pieces were weighed and measured before being
dried in open air at 21° + 2°C for 1 week until completely dry. Complete drying has been achieved
when the mass measured between two successive days did not change. Then, the values of the density
and compressive strength of the test pieces were measured. Tables 2 and 3 give the results of the bulk

density and compressive strength values.
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Figure 2. Granulometric curves of the aggregates used.

Table 2. Average dry bulk densities.

Samples % added Bulk densities (gr/cm?)
aggregate Aggregate  Aggregate  Aggregate
2 mm 4 mm 6.3 mm
A 0 2.11
12.5 2.25 2.20 2.23
25 2.27 2.24 2.29
40 2.31 2.28 2.35
60 2.35 2.30 2.36
B 0 2.08
12.5 2.19 2.23 2.24
25 2.20 2.24 2.25
40 2.22 2.26 2.27
60 2.25 2.30 2.30
C 0 2.14
12.5 2.31 2.23 2.26
25 2.31 2.30 2.31
40 2.31 2.31 2.32
60 2.32 2.31 2.34
D 0 2.09
12.5 2.22 2.22 2.22
25 2.24 2.26 2.26
40 2.28 2.26 2.27
60 2.29 2.30 2.30
E 0 2.01
12.5 2.05 2.06 2.07
25 2.10 2.12 2.25
40 2.18 2.20 2.33

60 2.22 2.29 2.38
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Table 3. Average compressive strengths.

Sample % added aggregate Compressive strength (MPa)
Aggregate Aggregate Aggregate
2 mm 4 mm 6.3 mm
A 0 2.83
12.5 2.1 2.82 2.81
25 2.23 2.95 3.21
40 2.25 2.98 3.36
60 2.74 3.69 3.55
B 0 11.71
12.5 14.91 14.79 14.19
25 13.04 12.7 10.51
40 11.44 10.56 10.36
60 10.22 9.53 9.54
C 0 9.69
12.5 11.69 11.29 11.09
25 10.17 9.66 9.40
40 8.69 7.78 7.68
60 7.57 6.42 6.17
D 0 8.95
12.5 12.53 12.41 11.97
25 11.39 11.31 10.76
40 9.88 9.66 8.24
60 8.23 8.84 7.72
E 0 1.91
12.5 1.72 2.29 2.5
25 2.23 2.4 247
40 2.04 2.58 2.61
60 3.25 3.22 3.45

3.1.1. Nature of clay minerals. A and E samples have a lower compressive strength than the other
three samples. For samples B, C, and D, the compressive strength increases with increasing clay
content (Table 2). Sarsby [29] shows that plastic clays give better compactness, and thus, better
compressive strength. The best results of compressive strength are obtained with sample B, which is
more plastic (Table 3). The non-plastic nature (plasticity index <5) of A and E samples results in a low
resistance to compression. A and E samples contain only kaolinite and illite which results in their low
plasticity, while samples B, C, and D also contain smectite which increases their plasticity (Table 1).
Table 2 shows that the dry bulk density decreases with the liquidity limit increasing (LL) as plastic
clays are more compactable [30]. LL B> LL D > LL C (Table 2), hence the dry bulk density C > D >
B.

3.1.2. Particle size. The bulk density (Table 2) increases with the addition of aggregates for all
samples. By increasing the percentage and the size of aggregates, the mass of the sample is increased
more significantly than its volume. In other words, the bulk density decreases with the percentage of
clay content. Sample E reaches a compressive strength of 1.91 MPa without the addition of aggregate,
and reaches a maximum value of 3.45 MPa with 60% of the aggregate 6.3 mm (Table 3). The addition
of granulate improves the compressive strength of this sample. The best result is obtained with the 6.3
mm granulate. Sample A reaches a compressive strength of 2.83 MPa without addition of aggregates,
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and reaches a maximum value of 3.69 MPa with 60% of aggregate with a diameter of 4 mm. The
addition of 2 mm granulate does not improve its compressive strength. The best result is obtained with
the aggregate 4 mm. Aggregates act in the case of E and A samples as a stabilizer preventing the
development of decompression cracks. By releasing the pressing pressure, microcracks appear on the
test piece, which weaken it. Samples B, C, and D show an increase of compressive strength with the
increase of the percentage of aggregate compared to the sample without aggregates (Table 3). Samples
B, C and D show a decrease in compressive strength with increasing aggregate percentage from 12.5
to 60% and aggregate diameter from 2 to 6.3 mm. The best results for these 3 soils are obtained with
the 2 mm aggregate. Ben Ayed et al. [31] show that the compressive strength increases with clay
content, due to the infiltration of clay into the matrix pores forming rigid connections binding coarser
grains. Proctor [32] demonstrated that compaction depends on particle size. By increasing the
aggregates size, the spread of the granulometric curve is increased, preventing the fine particles to fill
all voids. Thus, the compressive strength of the material decreases [32, 33]. In other words, when the
percentage of large particles increases in the mixtures, the samples have more voids. This explains the
decrease of the compressive strength of B, C, and D samples with the increase of the aggregates size.

3.2. Influence of the formatting pressure on the compressive strength of CEB

The compressive strengths of the test pieces were measured at different formatting pressures
(compressive forces). Five soils without granulates were used. They were mixed with 3% of water and
then compressed to 100, 200, and 300 kN. Three test pieces were made for each measurement. The
average values of compressive strength and bulk density are presented in Table 4.

Table 4. Average compressive strength and bulk density of test pieces.

Samples Average compressive strength (MPa) Average bulk densities (gr/cm?)
Forming 100 kN 200 kN 300 kN 100 kN 200 kN 300 kN
pressure

A 1.54 2.54 3.28 1.99 2.03 2.11

B 10.62 13.86 18.61 1.96 2.09 2.17

C 9.94 11.27 14.89 2.07 2.18 2.27

D 10.90 14.59 18.06 1.98 2.09 2.14

E 0.82 0.91 1.47 1.86 1.94 1.98

Compaction allows to densify the soil by reducing the air volume [34]. Increasing the formatting
pressure from 100 to 300 kN increases the bulk density and compressive strength of all samples (Table
4). Attom [35] shows that increasing the compaction energy reduces the optimal water content and
increases the bulk density. Increasing the bulk density increases the contact points between grains by
decreasing the porosity and allows to increase the compressive strength (table 4).

3.3. Influence of the amount of water added on the compressive strength of CEB

The influence of water amount on the compressive strength was evaluated starting from 3% to 10% of
water, for two formatting pressures, i.e., 100 and 200 kN. The average values of the compressive
strengths are shown in Table 5. The average values of the bulk density are presented in Table 6.

Soil contains solid particles, water, and air. Air allows water movements in the soil. If there is too
much water, compaction is not possible. However, if there is little water, the friction between particles
is too great and the compaction is inadequate [30]. Drnevich [36] shows that when the water content is
low, the soil is rigid and difficult to be compressed. The bulk density remains low because the air
content remains high. When the water content increases, water acts by lubricating the particles and
allowing them to be arranged as densely as possible. This decreases the air content and densifies the
material. When the water content is further increased, water and air tend to keep the soil particles
separate, and to prevent the decrease of air content and consolidation, because a significant portion of
the compaction energy is absorbed by the incompressible water and is therefore not communicated to
the soil grains. The total voids increase with the water content and thus the dry bulk density of the soil



The 11th Global Conference on Materials Science and Engineering (CMSE 2022) IOP Publishing
Journal of Physics: Conference Series 2368(2022) 012004  doi:10.1088/1742-6596/2368/1/012004

decreases. Bulk density decreases with increasing water content for all soils regardless of the
compaction energy (Table 6). This results in a decrease in the compressive strength (Table 5).
Camapum De Carvalho et al. [37] show that soils with high plasticity are not very sensitive to the
modification of water content by compaction. The decrease in compressive strength with the increase
in water content C > D and B soils, because PL B > PL D > PL C (Table 1).

Table 5. Average compressive strength (MPa) and water content with formatting pressure of 100 kN

and 200 kN.
Samples Average compressive strength (MPa) Average compressive strength
forming pressure 100 kN (MPa). forming pressure 200 kN
Water 3% 6% 10 % 3% 6% 10 %
content %
A 2.64 2.62 1.85 2.84 2.54 2.35
B 10.62 10.53 8.17 13.86 12.24 8.38
C 9.94 9.04 5.10 11.27 8.87 4.45
D 10.90 10.31 8.00 14.59 11.08 6.39
E 0.82 0.71 0.59 0.91 0.91 0.89

Table 6. Average bulk density (gr/cm?) and water content with formatting pressure of 100 kN and 200

kN.
Sample Average bulk densities (gr/cm’) — Forming Average bulk densities (gr/cm’) -
s pressure = 100 kN Forming pressure = 200 kN
% water 3% 6 % 10 % 3% 6 % 10 %
A 2.06 2.05 2.05 2.05 2.03 2.03
B 2.0 1.96 1.93 2.09 2.06 1.93
C 2.07 1.99 1.96 2.18 2.10 1.94
D 2.04 1.98 1.88 2.09 2.05 1.93
E 1.89 1.86 1.86 1.95 1.94 1.94

4. Conclusions
Four parameters influencing the compressive strength of Compressed Earth Blocks were studied.

e Nature of clay minerals: five soil samples A, B, C, D, and E were used. The characterization
of test pieces produced on these 5 soils showed that resistance to compression may increase
with the soil plasticity and smectite content.

e Particle size: test pieces were produced by varying the size of the aggregates. Three particle
sizes were used: 0/2, 0/4, and 0/6.3 mm. The best results of compressive strength are obtained
with 6.3 mm granulate for E soil, 4 mm for A soil, and 2 mm for B, C, and D samples. The
aggregates 0/2, 0/4, and 0/6.3 mm were added in proportions of 12.5, 25, 40, and 60%. The
addition of 0 to 60% granulate improves the compressive strength of soils A and E. The
samples B, C, and D show a decrease in the compressive strength with the increase of the
percentage of granulate from 12.5 to 60%. Varying the particle size of a soil has a different
influence on the compressive strength of each type of soil

e Compressive strengths were measured on test pieces compressed with three formatting
pressures: 100, 200, and 300 kN. Compressive strength increases with increasing formatting
pressure. The increase of formatting pressure allows to increase the compressive strength.

e : The influence of the quantity of added water on the compressive strength was evaluated by
adding 3, 6, and 10% of water. The resistance to compression decreases with increasing water
content.
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For each type of soil, it is possible to increase the compressive strength of the CEB by acting on the
nature of clay minerals, the particle size, the formatting pressure, and the quantity of added water. Five
soils were chosen to answer to the question of how to improve CEB compressive strength. Expanding
this study to other soils and other characteristics such as freeze-thaw resistance and resistance to water
is a perspective of this work.
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